[1] Changing atmospheric aerosol properties caused by anthropogenic activities carries serious implications for climate change and human health. The launch of the Multiangle Imaging SpectroRadiometer (MISR) onboard Terra spacecraft more than a decade ago provides the first capability to monitor several physical properties of aerosols over land from space. We use ten years (Mar 2000-Feb 2010 of observations from MISR to quantify seasonal linear trends of aerosol optical depth (t) segregated by particle size and shape over the Indian subcontinent. Here we show that many regions (referred to here as hotspots) have statistically significant (i.e., p < 0.05) seasonal linear trends in t, with seasonal t increasing in the range 0.1-0.4 in the last decade. These hotspots are associated with urban centers and densely-populated rural areas. Based on particle size and shape, we demonstrate that the trends, facilitated by topography and synoptic scale meteorology, are attributed to a significant rise in anthropogenic particles with additional contribution of natural particles in the rural and oceanic regions. The spatial and seasonal patterns of t trends suggest greater complexity in quantifying potential aerosolinduced regional climate and air quality effects, particularly at coarser scales. Citation: Dey, S., and L. Di Girolamo (2011), A decade of change in aerosol properties over the Indian subcontinent,
Introduction
[2] Long-term satellite measurements limited to ocean have suggested a recent decreasing trend in global mean aerosol optical depth (t) [Mishchenko et al., 2007] , while t derived from visibility data over land has shown a global increasing trend with strong regional variability [Wang et al., 2009] . The Indian subcontinent, home to 1.4 billion people (∼25% of the world's population) and the largest monsoon circulation in the world, is one region where the surfacereaching solar radiation continues to decrease in recent times [Wild et al., 2005; Kumari et al., 2007] , implying a possible increase in aerosol loading. This has led to several studies examining regional trends of t over India [Porch et al., 2007; Streets et al., 2009; Zhang and Reid, 2010] . These studies either focused on the previous decade (e.g., Porch et al. [2007] studied t trend up to the year 2000), a particular region (e.g., Zhang and Reid [2010] focused on the oceanic region), or an average over the entire area of the Indian subcontinent [e.g., Streets et al., 2009] . A comprehensive spatial analysis of temporal changes in aerosol characteristics and their attributions are still lacking in the subcontinent, particularly where space-time coverage of long-term in-situ observations are not adequate to understand the potential impacts of aerosols on regional climate, monsoon circulation and human health.
[3] We recently reported on the first satellite-based climatology of aerosol optical and microphysical properties over the Indian subcontinent retrieved by the Multiangle Imaging SpectroRadiometer (MISR) [Dey and Di Girolamo, 2010] , where the relative contribution of anthropogenic and natural sources were examined by combining retrieved size and shape of the particles and the spectral variation in t. Here using the same data set, we report on the spatial patterns of seasonal t trends over the past decade and their potential attributions over the subcontinent.
Data and Analysis
[4] We have analyzed mid-visible t and fractions of t by fine (radius < 0.35 mm, f f ), medium (radius in the range 0.35-0.7 mm, f m ), large (radius > 0.7 mm, f l ), spherical ( f sp ) and non-spherical ( f nsp ) particles at 17.6 km × 17.6 km spatial resolution reported in Version 22 of the MISR Level 2 aerosol product [Kahn et al., 2009 for the period Mar 2000-Feb 2010. The quality of this data is discussed elsewhere in detail Dey and Di Girolamo, 2010] . In brief, 63% of the MISR-retrieved t are within ±0.05 or 20% of t retrieved by the Aerosol Robotic Network (AERONET). In polluted environments over land, where low single-scattering-albedo particles dominate, MISR-t shows a low bias relative to AERONET, increasing with increasing t, that is attributed to unduly high single-scattering-albedo retrieved by MISR [Kahn et al., 2009] . The high bias of MISR-t over water compared to AERONET has been reduced in Version 22 relative to earlier versions . Segregation of t by size and shape of the particles is robust for t > 0.15, a condition observed in our study region almost everywhere except the Tibetan Plateau [Dey and Di Girolamo, 2010] .
[5] The daily median values of t and optical depths due to small (t s = t × f f + t × f m ), large (t l = t × f l ), spherical (t sp = t × f sp ) and non-spherical (t nsp = t × f nsp ) particles have been derived at 0.5°× 0.5°resolution from all successfullyretrieved 17.6 km × 17.6 km Level 2 pixels. The median seasonal values of these parameters are then derived for each year and linear trends are determined separately for each season. The median values were used to minimize the influence of the outliers on the observed trends. The confidence levels of the trends were calculated following the Student's t-test:
where, r xy is the correlation coefficient between the original time series and linear time series and n is the number of observations (n = 10 for all the seasons). The spatial patterns of linear trends in seasonal aerosol properties are projected at 0.5°× 0.5°spatial resolution to produce robust statistics in view of the narrow swath (∼400 km) of MISR [Dey and Di Girolamo, 2010] . Statistically significant linear trends over the decade are defined at the 95% confidence level ( p < 0.05). The regions where the associated p-values are smaller than 0.05 are considered as the regions with statistically significant increase (Dt > 0, described as 'local hotspots') or decrease (Dt < 0) in t ( Figure 1 ). The corresponding seasonal trends in t s , t l , t sp and t nsp contributing to the observed trends in t are shown in Figure S1 in the auxiliary material.
1 Note, each 0.5°grid cell is treated as independent from its neighbors in our linear trend analysis. While statistical procedures do exist for trend analyses that account for neighborhood information [e.g., Fu, 2011] , they do so using assumptions that are up for debate here. Instead, we present our independent-neighbor analysis, recognizing that regions of greater spatial coherence in trend in Figures 1 and S1 would carry greater confidence in statistical procedures that use neighborhood information.
[6] The only AERONET site in the subcontinent with t data of more than 9 years is at Kanpur (26.5°N, 80.2°E). Using the Level 2.0 AERONET data, we calculated the linear-trend in t for winter and post-monsoon seasons to be 0.029 year −1 and 0.023 year −1 , respectively, during 2001-2010. From MISR, these values are 0.019 year −1 and 0.018 year −1 , respectively. The lower values in linear-trend from MISR-t relative to AERONET are consistent with the low bias in t from MISR relative to AERONET that increases with increasing t as noted above. Sampling differences between MISR and AERONET might also contribute to this difference if, for example, an increase in short-lived high-t occurred that was sampled by AERONET and not by MISR. For the pre-monsoon and monsoon seasons, no significant trend in t was observed in AERONET data, consistent with the low p-values from MISR and, particularly in the monsoon season, the lack of spatial coherency in the MISR trends around Kanpur.
[7] As the trends in emission factors over the Indian subcontinent are not available, we use population data at similar 0.5°× 0.5°spatial resolution as a proxy to infer anthropogenic emission. Population data for the year 2000 and 2010 are collected from 'Socioeconomic data and application center' website (http://sedac.ciesin.columbia. edu/gpw/global.jsp#) and the population growth is estimated during the MISR data period (Figure 2a) . Most of the growth is noticeable over the Indo-Gangetic Basin (IGB) in both rural and urban regions, whereas in the other parts of the subcontinent, the population growth is mostly confined to areas surrounding large urban centers (Figure 2b ), which are defined as cities with more than 0.5 million population based on the population data of the year 2001. The population distribution shown in Figure 2c follows the spatial pattern of population growth, which should be a major cause of concern because of the rapid increase of anthropogenic pressure on natural resources (e.g., ground water storage) and pollution level in the areas already under stress due to large population. [8] As given by Dey and Di Girolamo [2010] , the meteorological parameters that may potentially influence the aerosol properties in the region (viz. vertical wind at 850 mb, relative humidity and surface wind speed) are derived from NCEP (National Centers for Environmental Prediction) reanalysis data. Their trends are estimated similarly as of the aerosol trend for the same MISR period separately for each season and are shown in Figure S2 . The trend in relative humidity is insignificant (hence not shown here), while the trends in vertical wind and surface wind speed are insignificant except for a very few places in some seasons. For example, vertical wind shows an increasing (decreasing) trend over the Tibetan Plateau during the pre-monsoon (monsoon) season suggesting a strengthening of subsidence (ascent). Changes in precipitation pattern are highly variable, as short-spell events show an increasing trend and long-spell events show a decreasing trend [Dash et al., 2009] . As discussed below, the observed meteorological trends cannot explain the observed trends in t, nor can a number of other factors discussed in Section 4. Hence, the observed trends in t and their characterization are attributed largely to an increase in aerosol emissions and the changes in aerosol characteristics over the last decade are explained in terms of 'anthropogenic' and 'natural' particles based on the criteria described by Dey and Di Girolamo [2010] using the MISR-retrieved size and shape segregated t.
Results
[9] Figure 1 shows the spatial patterns of the linear rates of change in seasonal t and their associated p-values. We note seven key findings.
[10] 1. While anthropogenic emission from fossil-fuel, biomass and biofuel combustion has increased significantly in recent times [Garg et al., 2006; Sahu et al., 2008] to meet the energy demand of the fast growing population, not all regions with significant change in t coincide with the population growth (a proxy for local anthropogenic activities, Figure 2a ). This may be explained by considering known topographical and prevailing meteorological conditions. For example, while anthropogenic emission is high and increasing over the entire IGB [Streets et al., 2003; Venkataraman et al., 2005] , the large and significant change in t over the central-to-eastern parts of IGB in the winter (Dec-Feb) season is facilitated by the pollution transported from west to east by the northwesterly winds and trapped in subsiding air over this region [Di Girolamo et al., 2004; Dey and Di Girolamo, 2010] .
[11] 2. The significant rate of change in t is distinct and spatially extensive in the post-monsoon (Oct-Nov) and winter seasons dominated by anthropogenic particles [Dey and Di Girolamo, 2010] compared to the pre-monsoon (Mar-May) and monsoon (Jun-Sep) seasons when t shows high inter-annual variability owing to spatial heterogeneity in dust transport and monsoon precipitation.
[12] 3. Significant changes in t are not always associated with urban centers (Figure 2b ), but are also observed over the densely-populated rural regions (viz. the eastern IGB in the winter season, Figure 2c ).
[13] 4. t has increased at alarming rates ranging from 0.01 to 0.04 year −1 in these regions. This is 10-40 times larger than the average annual Dt of 0.001 over our entire region of study, and 2-8 times larger than Dt of 0.005 year [Streets et al., 2009] . This suggests that a single value of Dt at an annual scale and large spatial scales undermines the seasonal shifts of local hotspots -a particularly important consideration for health impact assessments since population distribution is not spatially uniform (Figure 2c ).
[14] 5. The spatial patterns of Dt s and Dt sp ( Figure S1 ) in the post-monsoon and winter seasons are similar to that of Dt, implying that the trends in seasonal t are largely attributed to rapid increase of small and spherical (dominantly anthropogenic [Dey and Di Girolamo, 2010] ) particles, contributing 75-80% to Dt at the western-central IGB, Western India surrounding Mumbai, South India and several oceanic regions. Additional contribution of large, nonspherical soil dust, emitted possibly from rural activities (e.g., agricultural practice, transportation on rural roads) in densely-populated rural areas, leads to the highest Dt (0.02-0.04 year −1 ) over the central-eastern IGB in the winter season and western-central IGB in the post-monsoon season ( Figure S1 ).
[15] 6. Both spherical and non-spherical particles contribute to the significant changes in t at the inland and oceanic regions during the other two seasons, with small particles showing larger trends compared to large particles. Larger increasing rate of t nsp (>0.015 year −1 ) compared to t l (in the range 0.005-0.01 year −1 ) along with a downward trend of surface wind speed ( Figure S2 ) suggest that the decadal increase of t in the Arabian Sea monsoon region is attributed to dust, since large spherical maritime aerosols are positively correlated with surface wind speed [Satheesh et al., 2006] . This can have a profound impact on the biogeochemistry of the Arabian Sea because mineral dust, if deposited, can influence marine productivity by supplying nutrients [Jickells et al., 2005] .
[16] 7. t also reduces by >0.01 year −1 over North Indian Ocean during the pre-monsoon and monsoon seasons and over south-eastern Pakistan during the monsoon, attributed to a reduction in spherical particles of both small and large sizes ( Figure S1 ).
Discussion and Conclusions
[17] Our discussion thus far assigns some attribution to the observed changes to anthropogenic activities, as suggested by observed changes in particle properties and population growth. Synoptic scale meteorological conditions ( Figure S2 ) do not show any significant change within the ten-year period that would explain the observed changes in seasonal aerosol properties that we discussed, nor were there any significant changes in aerosol data sampling density over the years. A single version (Version 22) of the MISR aerosol product was used in our study, and radiometric calibration of the MISR instrument continues to remain stable. There is the possibility that a change in cloud contamination occurred, but this would have shown up as a change in one or more of the meteorological variables. Moreover, direct cloud contamination on t retrieved by MISR has been shown to be negligible, at least for low clouds over ocean [Zhao et al., 2009] . Changes in surface reflectance are known to impart changes in satellite-derived aerosol properties for aerosol algorithms that use fixed surface reflectance, but MISR's unique multi-angle capability provides for a simultaneous retrieval of both surface bidirectional reflectance and aerosol properties.
[18] We are left with the conclusion that aerosol turbidity (as measured by t here) has largely increased over the Indian subcontinent over the past decade, inline with other studies of aerosol turbidity trends over this region [Streets et al., 2009; Zhang and Reid, 2010] . Here, we show the spatial and seasonal patterns of the trends, quantified in terms of changes in t, and further segregated by particle size and shape. Several seasonal hotspots appear with remarkably large values of linear trends, ranging from 0.01 to 0.04 year −1 . These values are conservatively low by up to a factor of two in the more heavily polluted regions owing to the behavior of the low bias in t retrieved by MISR (Section 2). The hotspots in the Arabian Sea are attributed to an increase in anthropogenic particles during the dry season and an increase in dust during the monsoon season while mostly anthropogenic particles contribute to the increasing trend of t over the Bay of Bengal, consistent with the trend analysis reported by Zhang and Reid [2010] . The seasonal inland hotspots are not limited to urban centers, but include regions associated with a growing and dense rural population. The spatially non-uniform changes in seasonal t (Figure 1 ) by −0.02 to +0.04 year −1 over the last decade and associated particle properties ( Figure S1 ) imply a change in the spatial and temporal gradients in aerosol radiative heating and cloud nucleation that have strong connections with regional hydro-climate [Ramanathan et al., 2005] . This adds complexity in quantifying potential aerosol-induced climate effects and regional air quality at broader spatial scales, which will need to be addressed for improving regional climate projections. The spatial patterns of the seasonal hotspots conform to the population distribution during the post-monsoon to winter seasons, when aerosols are dominantly of anthropogenic origin [Dey and Di Girolamo, 2010] . In the other seasons, t has a large natural component whose distribution is influenced by synoptic meteorology; thus the hotspots do not conform to the population distribution (indicative of anthropogenic sources). In addition, the growing connection between t and surface PM 2.5 concentrations [e.g., van Donkelaar et al., 2010] and the adverse effects of PM 2.5 concentrations to human health [e.g., Pope et al., 2009] suggest that the hotspots identified here act as regions and seasons for more focused health studies at the local scale. In doing so, it is important to recognize that these regions are affected by the local emission from both anthropogenic and natural sources, as well as transport from both near and far sources.
